The upper aqueous phase contains the RNA, whereas the DNA and proteins are in the interphase and lower organic phase. The volume of the aqueous phase is ∼1 ml, equal to the initial volume of denaturing solution.
Isolate RNA
4. Precipitate the RNA by adding 1 ml (1 vol) of 100% isopropanol. Incubate the samples 30 min at −20°C. Centrifuge 10 min at 10,000 × g, 4°C, and discard supernatant.
For isolation of RNA from tissues with a high glycogen content (e.g., liver) , a modification of the single-step method is recommended to diminish glycogen contamination (Puissant and Houdebine, 1990) . Following this isopropanol precipitation, wash out glycogen from the RNA pellet by vortexing in 4 M LiCl. Sediment the insoluble RNA 10 min at 5000 × g. Dissolve the pellet in denaturing solution and follow the remainder of the protocol.
5. Dissolve the RNA pellet in 0.3 ml denaturing solution and transfer into a 1.5-ml microcentrifuge tube.
6. Precipitate the RNA with 0.3 ml (1 vol) of 100% isopropanol for 30 min at −20°C.
Centrifuge 10 min at 10,000 × g, 4°C, and discard supernatant.
7. Resuspend the RNA pellet in 75% ethanol, vortex, and incubate 10 to 15 min at room temperature to dissolve residual amounts of guanidine contaminating the pellet.
8. Centrifuge 5 min at 10,000 × g, 4°C, and discard supernatant. Dry the RNA pellet in a vacuum for 5 min.
Do not let the RNA pellet dry completely, as this greatly decreases its solubility. Avoid drying the pellet by centrifugation under vacuum. Drying is not necessary for solubilization of RNA in formamide.
9. Dissolve the RNA pellet in 100 to 200 µl DEPC-treated water or freshly deionized formamide by passing the solution a few times through a pipe tip. Incubate 10 to 15 min at 55° to 60°C. Store RNA dissolved in water at −70°C and RNA dissolved in formamide at either −20° or −70°C.
RNA dissolved in formamide is protected from degradation by RNase and can be used directly for formaldehyde-agarose gel electrophoresis in northern blotting (Chomczynski, 1992 (Willfinger et al., 1996) . Typically, distilled water has pH <6. Adjust water to a slightly alkaline pH by adding concentrated Na 2 HPO 4 solution to a final concentration of 1 mM.
CsCl PURIFICATION OF RNA FROM CULTURED CELLS
Cells are washed free of medium and are then lysed by placing them in a 4 M guanidine solution. The viscosity of the solution is reduced by drawing the lysate through a 20-G needle and the RNA is pelleted through a CsCl step gradient. NOTE: Carry out steps 1 to 4 at room temperature.
Lyse the cells
For monolayer culture 1a. Wash cells at room temperature by adding 5 ml PBS per dish, swirling dishes, and pouring off. Repeat wash.
2a. Add 3.5 ml guanidine solution for ≤10 8 cells, dividing the solution equally between the dishes. The cells should immediately lyse in place. Recover the viscous lysate by scraping the dishes with a rubber policeman. Remove lysate from dishes using a 6-ml syringe with 20-G needle. Combine lysates.
For suspension culture 1b. Pellet ≤10 8 cells by centrifuging 5 min at 300 × g (1000 rpm in JS-4.2 rotor), room temperature, and discarding supernatant. Wash cells once at room temperature by resuspending the pellet in an amount of PBS equal to half the original volume and centrifuging. Discard supernatant. 2b. Add 3.5 ml guanidine solution to the centrifuge tube.
3. Draw the resultant extremely viscous solution up and down four times through a 6-ml syringe with 20-G needle. Transfer the solution to a clean tube.
It is critical that chromosomal DNA be sheared in this step in order to reduce viscosity. This allows complete removal of the DNA in the centrifugation step.
Isolate the RNA 4. Place 1.5 ml of 5.7 M CsCl in a 13 × 51-mm silanized and autoclaved polyallomer ultracentrifuge tube. Layer 3.5 ml of cell lysate on top of CsCl cushion to create a step gradient. The interface should be visible.
Silanizing the tube decreases the amount of material that sticks to the sides of the tube and thus decreases the level of contamination of the final RNA.
5. Centrifuge 12 to 20 hr at 150,000 × g (35,000 rpm in SW 55 rotor), 18°C. Set centrifuge for slow acceleration and deceleration in order to avoid disturbing the gradient.
6. Remove the supernatant very carefully (see Fig. 4 .2.1). Place the end of the Pasteur pipet at the top of the solution and lower it as the level of the solution lowers. Leave ∼100 µl in the bottom, invert the tube carefully, and pour off the remaining liquid.
There should be a white band of DNA at the interface-care must be taken to remove this band completely, as it contains cellular DNA.
7. Allow the pellet to drain 5 to 10 min, then resuspend it in 360 µl TES solution by repeatedly drawing the solution up and down in a pipet. Allow the pellet to resuspend 5 to 10 min at room temperature. Transfer to a clean microcentrifuge tube.
It is critical to allow ample time for resuspension of this pellet or the yield of RNA will be significantly decreased.
8. Add 40 µl of 3 M sodium acetate, pH 5.2, and 1 ml of 100% ethanol. Precipitate the RNA 30 min on dry ice/ethanol. Microcentrifuge 10 to 15 min at 4°C and discard supernatant. 9. Resuspend the pellet in 360 µl water and repeat step 8. 6. Carefully remove the supernatant (see Alternate Protocol 1, step 6, and Fig. 4.2.1) . Invert the tube to drain. Cut off bottom of tube (containing RNA pellet) and place it in a 50-ml plastic tube.
7. Add 3 ml tissue resuspension buffer and allow pellet to resuspend overnight at 4°C.
It is difficult to resuspend this pellet. Occasionally the sample may have to be left longer than overnight. The high concentrations of 2-mercaptoethanol and Sarkosyl prevent RNA degradation during this resuspension.
water (solution is 2 M with respect to sodium ions). Store up to 1 year at room temperature. 
TES solution

COMMENTARY Background Information
Guanidine thiocyanate is one of the most effective protein denaturants known. The use of guanidine to lyse cells was originally developed to allow purification of RNA from cells high in endogenous ribonucleases (Cox, 1968; Ullrich et al., 1977; Chirgwin et al., 1979) .
The single-step method of RNA isolation described in the Basic Protocol is based on the ability of RNA to remain water soluble in a solution containing 4 M guanidine thiocyanate, pH 4, in the presence of a phenol/chloroform organic phase. Under such acidic conditions, most proteins and small fragments of DNA (50 bases to 10 kb) will be found in the organic phase while larger fragments of DNA and some proteins remain in the interphase. The fragmentation of DNA during homogenization helps to remove DNA from the water phase.
Since its introduction (Chomczynski and Sacchi, 1987) , the single-step method has become widely used for isolating RNA from a large number of samples. In addition, the procedure permits recovery of total RNA from small quantities of tissue or cells, making it suitable for gene expression studies whenever the quantity of tissue or cells available is limited. The protocol presented here is an updated version of the original method that further shortens the time for RNA isolation. All commercial application of the method is restricted by a U.S. patent (Chomczynski, 1989) .
The two alternate protocols present methods, based on the observed fact that RNA is denser than DNA or protein, for separating RNA from other cellular macromolecules in the guanidine lysate on a CsCl step gradient (Glisin et al., 1974) . A method using hot phenol and guanidine thiocyanate has also been described (Ferimisco et al., 1982) .
In Alternate Protocol 1, cultured cells are lysed with a solution that contains 4 M guanidine as well as a mild detergent. This lysis is virtually instantaneous and the cells are thus rapidly taken from an intact state to a completely denaturing environment. In Alternate Protocol 2, tissues are homogenized in a guanidine solution without detergent. The protocols then take advantage of the fact that RNA can be separated from DNA and protein by virtue of its greater density. These protocols have received widespread use because they require very few manipulations. This increases the chance of producing intact RNA and reduces hands-on time for the experimenter. The disadvantage is that they require an ultracentrifuge and rotor, which generally limits the number of samples that can easily be processed simultaneously. These protocols should be used when very high quality RNA from a limited number of samples is required.
There are several commercial kits for total RNA isolation utilizing guanidine-based methods, the majority based on the single-step method. They can be divided into two groups. The first group, exemplified by the RNA Isolation Kit from Stratagene, includes kits containing denaturing solution, water-saturated phenol, and sodium acetate buffer prepared according to the single-step protocol described here (see Basic Protocol). The use of these kits saves the time needed to make components of the single-step method, but at a substantially higher price. The second group of kits is based on a commercial version of the single-step method combining denaturing solution, phenol, and buffer in a single monophase solution. These kits offer an improved yield and shorter RNA isolation time (Chomczynski and Mackey, 1995) . In this second group, the authors have tested and can recommend the following kits: Isogen (Nippon Gene), RNA-Stat 60 (TelTest), RNAzol B (Cinna Scientific), Tri-Pure Isolation Reagent (Boehringer Mannheim), TRI Reagent (Molecular Research Center), and TRIzol Reagent (Life Technologies). All the kits in the second group, except RNAzol B, allow simutaneous isolation of DNA and proteins from a sample used for RNA isolation.
Critical Parameters
As with any RNA preparative procedure, care must be taken to ensure that solutions are free of ribonuclease. Solutions that come into contact with the RNA after adding the guanidine solution are all treated with DEPC, with the exception of the TES solution (Tris inactivates DEPC). Most investigators wear gloves at all times when working with RNA solutions, as hands are a likely source of ribonuclease contamination (see introduction to Chapter 4).
The two Alternate Protocols rely on a thorough separation of DNA and protein from RNA in the step gradient. The use of silanized tubes, as well as careful technique when removing the supernatant, are important. Finally, low yields may result from failing to allow sufficient time for resuspension of the RNA pellet after centrifugation. This pellet is not readily soluble, and sufficient time and vortexing should be allowed to dissolve it.
There are two important points to consider when using the single-step protocol. First, fresh tissue is preferable for RNA isolation. Alternatively, tissue should be frozen immediately in liquid nitrogen and stored at −70°C. In the latter case, tissue should be pulverized in liquid nitrogen and homogenized, using a Polytron or Waring blender, in denaturing solution without thawing. Second, it is important not to let the final RNA pellet dry completely, as that will greatly decrease its solubility. This is critical in Figure 4 .2.2 Rat liver RNA (5 µg) isolated using the Basic Protocol was electrophoresed in a formaldehyde 1% agarose gel containing ethidium bromide (left), transferred to a hybridization membrane and stained with methylene blue stain (Molecular Research Center; Herrin and Schmidt, 1988, right) . Shown are 28S (4.7 kb) and 18S (1.9 kb) ribosomal RNAs, and 4S to 5S (0.10 to 0.15 kb) RNA containing mix of tRNA and 5S ribosomal RNA.
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Guanidine Methods for Total RNA Preparation all RNA isolation methods. Partially solubilized RNA has an A 260 /A 280 ratio <1.6. Solubility of RNA can be improved by heating at 55° to 60°C with intermittent vortexing or by passing the RNA solution through a pipet tip.
Anticipated Results
The single-step method yields the whole spectrum of RNA molecules, including small (4S to 5S) RNAs. The amount of isolated RNA depends on the tissue used for isolation. Typically, 100 to 150 µg of total RNA is isolated from 100 mg of muscle tissue and up to 800 µg is isolated from 100 mg of liver. The yield of total RNA from 10 7 cultured cells ranges from 50 to 80 µg for fibroblasts and lymphocytes and 100 to 120 µg for epithelial cells. The A 260 /A 280 ratio of the isolated RNA is >1.8.
The electrophoretic pattern of RNA isolated by the single-step method is exemplified in Figure 4 .2.2 which shows the results of formaldehyde-agarose gel electrophoresis of rat liver RNA.
Time Considerations
The isolation of total RNA by the single-step method can be completed in <4 hr. The procedure can be interrupted at one of the isopropanol precipitations or at the ethanol wash steps. Store samples at −20°C if the procedure is interrupted at these steps. Avoid keeping samples in denaturing solution for >30 min.
In the alternate protocols, harvesting the RNA and setting up the gradient takes very little time (∼1 hr for six samples) and is conveniently done in the evening, allowing the high-speed centrifuge run to go overnight. In a pinch, the guanidine cell lysate can be quick frozen in dry ice/ethanol and stored at −70°C. When the RNA is dissolved after the gradient, it can be stored as an ethanol precipitate indefinitely at any of the precipitation steps. The entire protocol requires 2 to 3 hr of hands-on time for 6 to 12 samples.
